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An 11-year solar cycle in tropospheric ozone from TOMS measurements

S. Chandra!, J. R. Ziemke? and R. W. Stewart!

Abstract. Tropospheric column ozone derived from Nimbus 7
total ozone mapping spectrometer (TOMS) footprint
measurements from 1979 to 1992 provide the first observational
evidence of changes in tropospheric ozone in the marine
atmosphere of the tropics which are out of phase with the
stratospheric ozone changes on a time scale of a solar cycle. The
estimated changes in tropospheric and stratospheric column ozone
over a solar cycle are respectively -2.98 +1.31 and +8.63 £ 1.99
Dobson units (DU) or -12.6 + 5.6 and +3.69 + 0.86 % from solar
minimum to solar maximum. These values are statistically
significant at the 20 level. In comparison, linear trends in tropical
tropospheric ozone are not statistically significant. These
observations are qualitatively consistent with a modulation effect
on tropospheric ozone photochemistry by UV-induced changes in
stratospheric ozone. However, in the low NO, regime of the
marine atmosphere, the observed changes are significantly larger
than estimated from a photochemical model. Explanation for the
solar signal may include subtle solar-induced changes in transport
in the troposphere involving low boundary-layer ozone and ozone
precursors.

Introduction

Itis generally recognized that changes in stratospheric O, affect
solar UV radiation reaching the surface of the Earth and the
photochemical and radiative properties of the troposphere [e.g.,
Liu and Trainer, 1988, Madronich and Granier, 1992,
Fuglestvedt et al., 1994, Haigh, 1996; Hansen et al., 1997]. In
addition to changing the radiative balance of the atmosphere, a
solar-cycle induced change in stratospheric O, induces a solar-
cycle modulation of ultraviolet-B (UV-B, 290-320 nm) flux
reaching the troposphere. A change in UV-B alters the chain of
photochemical reactions affecting the rate of production of OH
and several other tropospheric gases, which in turn contribute to

the production and loss of tropospheric O; [e.g., Fuglestvedt et al.,
1994, and references therein].

The purpose of this paper is to present the first observational
evidence of changes in tropical tropospheric O associated with
the stratospheric O, changes on a time scale of an 11-year solar
cycle. The data used for this study are tropospheric column O,
(TCO) in the tropics derived from TOMS high-density level 2
footprint measurements. These data are gridded into monthly-
averaged 5° x 5° latitude-longitude bins and cover a 14-year
period from January 1979 through December 1992. The
derivation of TCO is based on the convective cloud differential
(CCD) technique [Ziemke et al., 1998] which takes advantage of
persistent high-reflecting clouds near the tropopause in the highly
convective equatorial Pacific region. Since TOMS measures
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column O; only above cloud tops, high-reflecting (R>0.9)
tropopause-level clouds can be used directly to determine
stratospheric column O;. TCO is then calculated by subtracting
stratospheric column O, from the total column O,. The latter is
derived from nearby total O; measurements under the constraint
of low-reflecting (R< 0.2) clouds

In practice stratospheric column O, is calculated from high-
reflecting clouds in the Pacific region where the greatest
frequency of tropopause-level clouds are present. Stratospheric
column O, is calculated for every 5° latitude band and averaged

- over longitudes from 120°E to 120°W. These values are assumed

to be independent of longitude in a given latitude band. This
assumption is based on the zonal characteristics of stratospheric
column O, in the tropics inferred from Upper Atmosphere
Research Satellite (UARS) data which suggest a nearly zonally
symmetric distribution of stratospheric column Oj in the tropics
[Ziemke et al., 1998].

TOMS Measurements and Analysis

Solar-Cycle Variation In the Tropical Pacific

To delineate the solar signal on a decadal time scale, we first
analyze data from the western Pacific where stratospheric column
O, is derived from high-reflecting convective clouds without
assuming zonal symmetry. We will show later in the paper that
the conclusions about the solar-cycle response of the troposphere
are essentially the same for the other regions of the tropics,
particularly in the marine environment. Figure 1 shows monthly
mean time series of stratospheric and tropospheric column O, over
the tropical western Pacific from January 1979 through December
1992. This period corresponds to the declining phase of solar
cycle 21 (1979-1986) and rising phase of solar cycle 22 (1986-
1992). To accentuate the solar-cycle signal and minimize the
effects of interannual variability, time series in Figure 1 were
averaged in the latitude band 15°S-15°N and from longitude 120°
E eastward to the dateline. This broad averaging significantly
improves statistical confidence in the derived time series by
producing a mean number of about 1700 R>0.9 total O,
measurements per month.

Both stratospheric and tropospheric time series in Figure 1
show strong seasonal cycles modulated by a low-frequency signal
of a decadal time scale and are represented by a linear regression
trend model (dashed curves shown) with seasonal cycle, linear
trend, solar cycle , QBO, and ENSO terms as discussed by Randel
and Cobb [1994] and Ziemke et al. [1997]. The solar-cycle term
is represented by the conventional F10.7 cm solar flux time series
which varies from about 100 to about 230 units (1 unit = 102W
m?Hz' ) from the solar minimum to the solar maximum.

Visual comparison of the time series in Figure 1 suggests a
solar-cycle variation in O, that is inphase with F10.7 in the
stratosphere and out of phase in the troposphere. Solar regression
coefficients for tropospheric column O, as a function of month are
shown in Figure 2 with vertical bars indicating statistical
significanceat the 20 limit. Figure 2 suggests a weak seasonality
in solar-cycle response in the troposphere. A weak seasonality in
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Figure 1. (a) Nimbus-7 TOMS CCD stratospheric column O,
(Dobson units) for the original time series (solid) and the
corresponding regression model fit (dashed). The time series data
were derived by averaging all TOMS CCD column O,
measurements between 15°S to 15°N and from 120°E eastward to
the dateline. (b) Same as (a) but for tropospheric Os.
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solar coefficient is also indicated in stratospheric column O,
(figure not shown). As shown in Table 1, the mean annual solar
responses for tropospheric and stratospheric column O, are
respectively -2.29+ 1.01 DU and +6.64 £1.53 DU for an increase
of 100 units of F10.7 cm flux. A similar analysis for total column
O, yields a value of +4.35+ 0.48 DU/100F10.7 which is the sum
of the solar-cycle responses of the stratosphere and troposphere
column O,. In terms of percentage change, the values for the
troposphere, stratosphere, and total column O, are respectively,
-9.69, +2.84 and +1.69% with the 20 errors shown in table 1.
The corresponding values for the solar cycle are respectively
-2.98, +8.63 and +5.66 DU or -12.6, +3.69 and +2.20 %

assuming a change of +130 units in F10.7 from the solar

minimum to the solar maximum.

Table 1. Change relative to +100 unit change in F10.7

Quantity %/100F10.7(20)
Tropo O, -9.69 (4.30) [-2.29 (1.01)]*
Strat O, +2.84 (0.66) [+6.64 (1.533)]*
Total O, +1.69 (0.18) [+4.35) (0.48)]*

*Numbers in brackets are in Dobson units.

N7 TOMS Tropo Column Solar Coelf  120E-180E 15S-15N
T T T T T T T

Solar Coeff (DU/100F10.7)

-5 1 1 ' 1 1 1

J F M A

-

J J
Month

Figure 2. Monthly solar regression coefficients (Dobson units per
100 units of solar F10.7) for the tropospheric column O, time
series of Figure 1b. Vertical bars represent +20 errors.

In estimating solar-cycle components of stratospheric and
tropospheric column O it was tacitly assumed that TCO is not
affected significantly by changes of the tropopause. Even when
clouds overshoot into the stratosphere, the effects on TCO average
out in the monthly means since the averaging also includes drops
in cloud tops below the tropopause. The seasonal variability in
the tropopause height in the tropical Pacific region is about 1 km
and the interannual variability is only a few hundred meters
[Gage and Reid, 1987]. Ozonesonde measurements from several
ground-based tropical stations suggest that the major contribution
(about 60%) to TCO comes from altitudes below 6 km [Ziemke
and Chandra, 1998]. A change of 1 km near the tropopause
makes only a small change (1-2 DU) in TCO. .

Another potential source of error in estimating solar-cycle
components may be the long term drift in version 7 TOMS data.
McPeters and Labow [1996] have shown that the relative drift of
TOMS O, with respect to an ensemble of 30 Dobson and Brewer
stations in the northern hemisphere is negligibly small (0.29% per
decade). The relative change of TOMS O, with respect to these
stations, however, shows a decadal variation of about 1% which
appears to be inphase with the solar cycle. The source of this
time dependent bias is not known and may be a combination of
both TOMS and Dobson errors. The estimate of the solar-cycle
response of total column O, in Table 1, however, is consistent
with the solar-cycle variation of column O, inferred from SAGE
I/l and SBUV/SBUV2 data [SPARC report, 1998)]. UV related
changes in column O, have also been inferred on the time scale
of a 27-day solar rotation: [Chandra, 1991; Brasseur, 1993;
Fleming et al., 1995]. Inferred changes are independent of long-
term instrumental drift. We note that because of the differencing
of total minus stratospheric column O, in the CCD method,
derived TCO is essentially independent of TOMS instrument
calibration errors.

Solar Cycle and Trends in Tropospheric Ozone

The solar-cycle response of tropospheric O, inferred from
Figure 1, though derived from the O, time series in the western
Pacific, is a characteristic of most of the marine atmosphere in the
tropics. Figure 3 (upper panel) shows the zonal distribution of the
solar coefficient, when the O, time series in a 5° x 5° latitude-
longitude bin are analyzed using the trend model as in Figure 1.
Figure 3 shows that the solar coefficients, although smaller than
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Figure 3. (top) Latitude versus longitude regression model solar-
cycle coefficients (units are DU per 100 units of F10.7). Shading
indicates regions where the coefficients are not different from
zero at the 20 level. (bottom) Same as (top) but for the linear
trend coefficient (units are % per decade). Dark solid curves

denote zero trends.

in Figure 2, are uniformly negative throughout the tropics.
However, they are statistically significant mostly over the oceanic
eastern and western Pacific and the Atlantic regions. The
response in these oceanic regions vary from around -1.4 to -2
DU/100 F10.7, or about -2 to -3 DU over a solar cycle.

Figure 3 (lower panel) also shows decadal linear trends derived
from the same regression model for the 1979-1992 time period.
TCO trends in these analyses are statistically not significant (at
the 20 level) anywhere in the tropical troposphere. It is
interesting to note that Kim and Newchurch [1998] found a
statistically significant positive trend of about +0.6 DU (+10%)
per decade in lower tropospheric (below 2.5 km) column O, west
of New Guinea for the same time period. We note that this
represents approximately 20-25% of TCO in the region. They
attributed this trend to biomass burning in this region. This trend
is comparable to the trend reported by Jiang and Yung [1996]
and Kim and Newchurch [1996] in the latitude range 10-23° S in
the eastern Pacific immediately west of South America. The
method used in these studies involved differencing of total
column O, between mountainous and non-mountainous scenes.
Our estimated trends in these regions are also positive with values
in the range of +0.5 to +0.7 DU (+2 to +3%) per decade, but not
statistically significant. The question if these differences can be
attributed to differences in the altitude range of the two
measurements cannot be answered from this study.

Implications for Tropospheric Ozone Chemistry

In the stratosphere, O, is primarily produced through
photodissociation of O, by solar UV radiation in the Schumann
Runge bands (180-200 nm) and Hertzberg continuum and the
subsequent recombination of O and O, in the presence of a third
body. Many of the observed features of stratospheric O, related
to a solar cycle are qualitatively well represented by photchemical
models. However, there are significant quantitative differences
between the observed and calculated response of the solar cycle.
[e.g., Brasseur, 1993; Fleming et al., 1995; SPARC report, 1998].

Tropospheric photochemistry is initiated by the photolysis of O,
to produce O('D). Most of these excited oxygen atoms are
quenched and react with ambient O, to re-form O,, but some react
with water vapor to produce two OH molecules. The chemistry,
subsequent to OH production, depends on the pre-existing
chemical background. = Our expectations regarding the
relationship between tropospheric and stratospheric O; burdens
is based on the following considerations. The initial reactions

leading to O, chemical production or loss are:
O;+hv - 20H (1)
OH+CO-HO,+CO, (2)
which initially remove an O, molecule (the intermediate O('D)
reactions are not shown). - For simplicity we show only CO
oxidation. Hydrocarbon oxidation involves the same qualitative
arguments. Subsequent reactions may result in either a net loss
or a net production of O, depending on the fate of the hydroperoxy
radical. * If the NO, mixing ratio is low relative to that of O,, a

likely scenario is
HO,+0; - OH+20,, (3)
anet O, loss. However, at larger NO, mixing ratios the reaction
HO,+NO -NO,+OH (3a)
will dominate leading to a net O, production. These issues are
treated in greater detail in numerous papers [e.g., Liu and
Trainer, 1988; Fugelstvedt et al., 1994; Stewart, 1995].

To test whether the relationship between stratospheric and
tropospheric burdens reported here can result from chemical
considerations we have used a box model to perform a series of
steady state calculations with varying NO, and O, burden
assumptions. The NO, variations are induced by changing an
assumed source of NO over a prescribed range. The box model
used has been described by Stewart [1993, 1995]. The current
version has 64 reactions among 25 variable species. It includes
the basic O,, HO,, NO, chemistry along with CH,, C,H,, and C,H;
oxidation sequences. Photolysis rates are calculated using the
code developed by Madronich [1987].

Figure 4 shows the sensitivity in the tropospheric O, burden to
a change in stratospheric O, burden over a range of NO, values
spanning the transition from net O; destruction to net O,
production. For each NO, value we compute tropospheric O,
burden for assumed stratospheric burdens of 230 DU and 240 DU.
These values approximately correspond to solar minimum and
solar maximum conditions as indicated in Figure 1 (panel a).
The sensitivity shown on the ordinate in Figure 4 is the ratio
100%([Os]1ign-[O3]1ow)[Os)iow Where the bracketed quantities are
tropospheric O, burden and the subscripts high and low refer to
assumed maximum (240 DU) and minimum (230 DU)
stratospheric burden. The transition from correlation to
anticorrelation occurs at a background NO, mixing ratio of around
150 pptv.

The sensitivity of tropospheric O; burden to increased
photolysis throughout the low NO, regime is consistent with our
qualitative expectations, but is not large enough to quantitatively
explain the inferred changes in tropospheric O, column. Required
NO, concentrations, in excess of 100 pptv, are probably higher
than would be expected in remote marine environments. PEM-
West B observations, for example, indicate a mean of 41+ 10 pptv
[Thompson, et al., 1997].

We have also studied the possible role of water vapor in
producing changes in tropospheric O, in the marine atmosphere.
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Figure 4. Sensitivity (percentage change) in tropospheric column
0, as a function of NO, concentration following a 10 DU increase
(230 DU to 240 DU) in stratospheric column O3.
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If the NO, background is low enough for the photochemistry to be
a net O, sink, increasing water vapor decreases tropospheric O,
There are probably two factors at work. First, the O(*D) produced
in O, photolysis will either react with water vapor or be quenched
to the ground state. The latter reaction simply restores O, without
producing a net loss. As H,O abundance increases, a greater
fraction of O(*D) produced will react via O('D)+ H,0 -20H,
destroying odd oxygen by increasing its loss. Second, more nitric
acid will be produced via OH+NO, ~HNO, Since this is a sink
for odd nitrogen, a vital component in O; production, it will
further decrease O, by reducing its production. Our box model
suggests a decrease of about 10-12% in tropospheric O, burden as
the relative humidity increases from 10 to 95%. Unfortunately,
we don’t have direct evidence of the solar-cycle variation of water
vapor in the troposphere, though such a possibility cannot be
ruled out as indicated from recent studies of global cloudiness and
the global-mean cloud optical thickness [Svensmark and Friis-
Christensen, 1997, Kuang et al., 1998]. An explanation for an
. 11-year solar-cycle signal in TCO may include subtle decadal

changes in transport in the troposphere involving low boundary-
layer O, and O, precursors.

Summary

This study provides the first evidence of a decadal solar-cycle
signal in tropospheric column O, in the marine tropical
atmosphere that is out of phase with stratospheric column O, but
inphase with tropospheric UV. Although the conclusions of this
paper are based on tropical O, data, the solar-cycle response of
tropospheric O, should be detectable outside the tropics. Our
results indicate solar-cycle variations of tropical stratospheric and
tropospheric column O, of about 9 and -3 DU or about 4 and -12%
respectively. The presence of a solar cycle in tropospheric O,
appears to reduce the 11-year solar cycle in total column O, by
about 50%. It is suggested that although the effect of solar-cycle
variation of stratospheric column O, on solar UV-B radiation
entering the troposphere is predictable, the related perturbation
imposed on the tropospheric chemical system may give rise to
different responses depending on the pre-established background
composition. The sensitivity of tropospheric O, burden to
increased photolysis is consistent with our qualitative
expectations, but is not large enough to quantitatively explain the
solar-cycle response in the marine atmosphere of the tropics.

A change in TCO on a decadal time scale may have important
climatic implications [e.g., Hansen et. al., 1997 and references
therein]. Assuming a scaling factor of 0.05-0.08 W m2 DU
[Portmann et al., 1997], solar-cycle related change in tropospheric
column O, implies an anomaly of about 0.15-0.25 W m™. These
numbers can be compared to global mean values of ~0.1-0.4 W
m? derived by Portmann et al. [1997] that they attributed to
tropical biomass burning. The combination of these and other
tropospheric radiative -forcings could affect both regional and
global climate.
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